We constructed a Bacillus subtilis Marburg strain that harbors deletion mutations in all seven extracytoplasmic function (ECF) sigma genes. The strain shows wild-type growth at 37°C both in a complex and in a synthetic medium and exhibits wild-type sporulation. ECF sigma genes of B. subtilis are dispensable as long as no stress is imposed, although they seem to be required for quick response to stresses.
Since the assignment of sigma E of Streptomyces coelicolor to a subfamily of eubacterial RNA polymerase sigma factors (14) , many sigma factors belonging to this family have been described (3, 4, 9, 18, 22) . These sigma factors were called extracytoplasmic function (ECF) sigma factors, as they were found to direct the expression of proteins functioning in the outer membrane or in periplasmic space (14) . Further analysis, however, revealed that these sigma factors direct expression of proteins functioning in cytoplasmic space, as well (2, 5, 9, 21, 28) .
The numbers of ECF sigma genes vary among bacterial species. Some bacteria have lost ECF sigma genes, and some bacteria possess a lot of them (9) . These ECF sigma genes are believed to be nonessential and auxiliary in nature, although inactivation of rpoE in Escherichia coli and sigG in Synechocystis sp. strain PCC6803 was proven to be lethal (8, 11) . In Bacillus subtilis W23, simultaneous inactivation of sigX and sigM causes a growth defect (17) . However, the exact roles of those sigma genes in the maintenance of growth have still not been elucidated, and there is no study in which all stress sigma genes have been systematically inactivated in an organism. For this study, we successively interrupted all ECF sigma genes of B. subtilis to construct an ECF sigmaless strain in order to examine whether the genes are indispensable or merely auxiliary.
B. subtilis has seven ECF sigma genes (sigM, sigV, sigW, sigX, sigY, sigZ, and ylaC), which are negatively regulated by antisigma proteins, except for sigZ (2, 6, 7, 9, 13, 16, 25, 26, 27) . Inactivation of these sigma genes one at a time does not affect viability because the sigma factors seem to overlap functionally (6, 9, 10, 16, 26) . A quadruple mutant (⌬sigV ⌬sigY ⌬sigZ ⌬ylaC) of B. subtilis was constructed and was found to be viable (15) .
In order to examine whether there is a minimal set of ECF sigma genes required for B. subtilis growth under nonstress conditions, we constructed deletion mutations in all seven ECF sigma genes on the genome of B. subtilis Marburg 168 (trpC2) as outlined in Fig. 1 . Only one construction pathway is shown. There are many other possible pathways and many combinations of multiple disruptions, and we constructed a large number of different multiple disruptants (data not shown). During successive disruptions of ECF sigma genes, sufficient quantities of wild-type size transformants or segregants were obtained to suggest that there were no suppressor mutations, concerning colony size on LB agar, associated with the disruption of the ECF sigma genes. The sigW gene was disrupted at the end of the procedure because inactivation of sigW reduced competence (see below). All ECF sigma genes disrupted with the cm cassette (cat gene) were obtained from K. Kobayashi. The first step, ⌬sigY strain construction, is shown in Fig. 1A . The kanamycin-resistant (Km r ) plasmid pCHE11(⌬sigY) bearing a deletion in sigY was constructed by PCR and introduced into the sigY::cm strain by transformation. Km r transformants were selected at 30°C. Among Km r transformants, a few colonies [pCHE11 (⌬sigY)/ ⌬sigY] were chloramphenicol sensitive (Cm s ) due to gene conversion between ⌬sigY on pCHE11 and chromosomal sigY::cm (12) . Km r Cm s transformants thus obtained were grown in drug-free LB broth at 37°C to cure the plasmid and to obtain a plasmid-free ⌬sigY strain, as pCHE11 (obtained from F. Kawamura) has a mutation leading to temperature-sensitive replication (19) . The deletion mutation ⌬sigY was confirmed by PCR. Next, the sigZ::cm ⌬sigY strain was constructed by transformation of the ⌬sigY strain with DNA from the sigZ::cm strain (Fig. 1B) . Plasmid pCHE11 (⌬sigZ) was introduced into the sigZ::cm ⌬sigY strain. A plasmid-free ⌬sigZ ⌬sigY strain was derived from pCHE11 (⌬sigZ)/⌬sigY sigZ::cm cells through gene conversion and curing, as shown in Fig. 1A . These procedures were repeated successively, as depicted in Fig. 1B . The resulting strain was named BSU2007 (⌬sigY ⌬sigZ ⌬sigV ⌬ylaC ⌬sigX ⌬sigM ⌬sigW trpC2).
For construction of plasmid pCHE11 carrying a deletion mutation in an ECF sigma gene, 5Ј and 3Ј regions of each ECF sigma gene were PCR synthesized with primer pairs of each primer set (Table 1 ) and template wild-type chromosomal DNA. The resulting DNA fragments bearing 5Ј and 3Ј regions of each ECF sigma gene were annealed and subjected to PCR amplification with distal 5Ј and 3Ј primers. The synthesized DNA fragment carrying a deletion followed by a stop codon in each ECF sigma gene was cloned into plasmid pCHE11 in E. coli cells.
Confirmation of the deletion mutations in all seven ECF sigma genes was carried out by PCR amplification of the deleted or wild-type genes with primer pairs described in the figure legend and template DNA from strain BSU2007 or wild-type strain 168 (Fig. 2 ). BSU2007 carried a deletion mutation in each of the seven ECF sigma genes.
The BSU2007 strain showed no obvious phenotype in LB broth (23) containing yeast extract, tryptone, and NaCl; the colony-forming ability of the ECF sigma-free strain BSU2007 on LB broth agar was similar to that of the wildtype strain at all temperatures tested (20°C, 37°C, and 50°C). We studied several characteristic features of the mutant BSU2007 under some other conditions. As shown in Fig. 3 , the ECF sigma-free strain BSU2007 showed wild-type growth in a complex LB broth or synthetic minimal glucose medium (1) but was slow to start growing in a complex nutrient broth (Difco) containing beef extract and peptone. However, addition of MgSO 4 (1 mM) to Difco nutrient broth restored the wild-type growth of BSU2007 (data not shown). It grew like the wild-type strain in a complex sporulation medium (24) 
FIG. 2. PCR confirmation of deletion mutations in
products with BSU2007 DNA as a template. The primer pairs were as follows: 5Ј GTCGTCGACGTG TATAACATAGAGGGG/5Ј GCAGCATGCAGTCATTTCCTG GTCG for sigM, 5Ј GTCGTCGACGTATATTCAAAAAGGAGCCC/5Ј GCAGCATGCTGTAATCTCTTATCCATTAAG for sigV, 5Ј GTCGT CGACCGGTGAAGGCAGAGG/5Ј GCAGCATGCATAAGCTGCA CAATTTG for sigW, 5Ј GAAGAATTCCGACAAAACGGTAAAATC GAG/5Ј GGAGGATCCTTTTCAGGAACGACAAAC for sigX, 5Ј GA AGAATTCAATGCATCGTCCTCC/5Ј GCAGCATGCTTATTCATC ATCCCACTCC for sigY, 5Ј GTCGTCGACGCAAAATTATAGGAG G/5Ј GCAGCATGCAAACATCAAAGGAAAAATGC for sigZ, and 5Ј GTCGTCGACATTTGGATGACGGTGTGG/5Ј GCAGCATGCTTTC CAATTCAAATGGC for ylaC. The lengths of the PCR products were 594 bases (159 bases), 558 bases (93 bases), 647 bases (110 bases), 1424 bases (938 bases), 759 bases (261 bases), 1,204 bases (751 bases), and 709 bases (229 bases) for sigM (⌬sigM), sigV (⌬sigV), sigW (⌬sigW), sigX (⌬sigX), sigY (⌬sigY), sigZ (⌬sigZ), and ylaC (⌬ylaC), respectively. sigM5Ј  5Ј GGAGGATCCCTTCAATTGGCACAAGCG  5Ј CAGCCGCTGTTAATCGATCGTCACTGCCTT  sigM3Ј  5Ј ACGATCGATTAACAGCGGCTGAAAGCACTT  5Ј GGAGGATCCGCTTTTGCGGTCGTTTGT  sigV5Ј  5Ј GAAGAATTCAGGAGATAGAAGCAGAGC  5Ј CGTCAACTGTTATTTCTTCATTGCAATAAAGGG  sigV3Ј  5Ј ATGAAGAAATAACAGTTGACGAAGGAGGAT  5Ј GGAGGATCCGACTTTGATATAGCGCTC  sigW5Ј  5Ј GAAGAATTCTAACACGGGTTCGAATCC  5Ј AAGATCCCTTTAAATCATCATTTCCATATTTATCTA  sigW3Ј  5Ј ATGATGATTTAAAGGGATCTTTAAGTGGGG  5Ј GGAGGATCCTCCCCGCAGACTTCATCT  sigX5Ј  5Ј GAAGAATTCAAGTTTTCCGGTGTTGCG  5Ј CCTCAAAAGTTAGGTTTCTTCCATTTGAAACCC  sigX3Ј  5Ј GAAGAAACCTAACTTTTGAGGGAGGAGCTA  5Ј GGAGGATCCCCGAACCCCAGTCTCATT  sigY5Ј  5Ј GAAGAATTCGATCCCGGGATGGGAACA  5Ј CTTTCTGATTTATTGTGTATCCAATGACCG  sigY3Ј  5Ј GATACACAATAAATCAGAAAGGAGTGGGAT  5Ј GGAGGATCCCGTTCGTCCGCTCTTCTT  sigZ5Ј  5Ј GAAGAATTCAGTCTACTTTGCCGGAGC  5Ј ATCCGCTTCTTATTGATCCCATAGATCCTC  sigZ3Ј  5Ј TGGGATCAATAAGAAGCGGATCGATATGGA  5Ј GGAGGATCCCGTATCCGTCATACGTAT  ylaC5Ј  5Ј GAAGAATTCGCAGTCAGGGTGACATGG  5Ј CTCTCTACTTTAGGAATCCCTATGCTTCAT  ylaC3Ј 5Ј AGGGATTCCTAAAGTAGAGAGGAGGAGCGG 5Ј GGAGGATCCGCAGTTGAACTTGGCTTC . The capacity to sporulate was not lost in BSU2007 (Table 2 . On the other hand, BSU2007 showed defective competence development (Table 3) in the abovementioned synthetic minimal glucose medium, due to the null function of sigW leading to low competence of strain BSU2000. BSU2006 carrying deletion mutations in all six ECF sigma genes except sigW showed wild-type competence. Even in LB broth, BSU2007 showed slow growth recovery after a temperature shift from 37°C to 52°C, as shown in Fig.  4 . The slow recovery did not seem to be due to suppressor mutations, as recovered culture again showed slow growth recovery at 52°C. The involvement of ECF sigma factors in heat adaptation has not yet been studied. We also examined the stress sensitivity of BSU2007. The stresses imposed were acetic acid, NaCl, HCl, NaOH, EDTA, H 2 O 2 , sodium dodecyl sulfate, toluene, and ethanol. Paper discs soaked with samples were placed on LB agar inoculated with a culture of either the wild-type strain or the ECF sigmaless BSU2007 strain. We examined the growth inhibition of the bacterial lawn after an overnight incubation at 37°C. There were no differences in the sensitivities of both strains to the abovementioned stresses, except for acetate and toluene. BSU2007 was more sensitive than the wild-type strain only to acetate and toluene, as shown in Table 4 , although the sensitivity difference was small with toluene. The B. subtilis strain BSU2007, which lacks seven functional ECF sigma genes, is viable and shows no obvious defects as long as no stress is imposed, although it exhibits slow growth in Difco broth. However, it showed wild-type growth and sporulation in a complex sporulation medium containing metals and salts in Difco broth. The strain BSU2007 may not be able to compete for growth in liquid medium with the wild-type strain; however, prolonged mixed culture of both strains in LB broth at 37°C for 3 days contained similar numbers of CFU of both strains. BSU2007 showed slow recovery from high-temperature stress, although its ability to form colonies was not affected. Some combination of ECF sigma genes must be required for a quick response to heat stress.
We are currently analyzing the phenotypes of various combinations of ECF sigma gene deletions to see which ECF sigma a Cells were grown in Difco sporulation medium at 37°C overnight. The culture sample was exposed to heat (75°C for 20 min) or not, and the numbers of CFU were determined on LB agar that had been incubated at 37°C overnight. a Fresh culture was poured on LB agar, and 30 l of acetate (diluted 1/4 with distilled water) or toluene was placed on a paper disc (diameter, 8 mm). The inhibition zone was measured after overnight incubation at 37°C.
